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' • SYNOPSIS
I
This thesis is concerned with the development of a laminated metal 
fluidic flowmeter for respiratory air flow measurements; both the inhalation 
and exhalation modes of'breathing are detectable over a wide range of 
breathing rates. The principle of operation of the flowmeter is that a 
small confined planar incompressible jet, flowing normally across the 
respiratory tube, is deflected laterally by the respiratory flow. Two 
receiver ducts symmetrically positioned on the jet centreline, provide a 
differential output pressure proportional to respiratory flow, to improve 
output signal-to-noise ratios they are constructed with more than one 
parallel path.
Different geometries have been investigated, including the effect 
of receiver spacing, variations in receiver and supply jet aspect ratio, 
and the application of positive feedback. Response tests have been carried 
out on the flowmeter by employing step flov/s from a large scale fluidic 
switch and comparisons with a Fleiscn respiratory flowmeter have been made.
It is concluded that a bidirectional flowmeter operating up to at 
least 450 litres per minute, with a dynamic response of the order of 
14,500 litres/min/sec can be successfully constructed. An approximately 
linear relationship between receiver differential pressure and measured flow 
is achieved with a signal-to-noise ratio in the order of 160 at maximum 
output. This novel instrument has a faster response and covers almost 
three times the range of existing respiratory flowmeters.
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NOTATION
2
A. area jet exit (cm )
j
2
A, area cross-flow tube (cm )*C . v .
D . diameter of jet (cm)
tJ
D diameter of receiver (cm)r /
I ■ ■
D diameter ojf cross-flov/ tube (cm)
t !j .
D diameter normalised to D .
e jet deflection distance along y axis
2
J. momentum of jet (p A.V. )
0 J 3 '
2
Jto momentum of cross stream (p A.Yj)
m mass
n multiplying factor
pressure maximum
pressure, receiver
AP^ differential pressure, receiver
P , supply pressure s
entrained flow per unit length
Q . jet flow
J
Q cross-flow
co
r radial distance
S spacing between receivers
S spacing between receivers normalised by D . or 71
J <
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s Laplace operator '
/ .
/ • .
t^ rise time; time for output to rise from 10% to 90% of final value
t settling time, time, to settle.within + 10^ of steady value
V\ jet velocity mean !
V velocity maximumm
,Y velocity at some distance along the x axis
■V*.
V velocity ratio ( )
0
cross-flow velocity .
¥. width of jet
0
¥ width of receiverr
x jet axis
X distance along jet axis
X, x distance normalised to D. or ¥.
J J
x q length of jet potential core
y cross-flow axis
y distance along y axis normalised by D . or ¥.
J 0
rj entrainment constant
p gas density
a standard deviation
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CHAPTER* 1 
INTRODUCTION
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1*0#,■ Introduction
1.1. Flowmeters in Present Use
One pressing problem in respiratory physiology is the measurement 
of respired air flow without introducing additional airway resistance during 
any part of the breathing cycle. Flow measurement in particular has a 
severe specification; bidirectional flows ranging from 0 to 400 litres per
minute during heavy exercise, occasional transient flows having rise times
■ ¥ -
of the order of a few milliseconds and foreign matter introduced into the 
air stream. Flowmeters at present employed in the measurement of flow, 
generate a pressure difference proportional to air flow through the device. 
This pressure difference is the result oY making the air flow laminar and 
measuring the pressure differences produced by viscous friction over a short 
test section. Laminar flow is formed in three -ways: (1) by axially aligned 
capillary tubes (Fleisch flowmeter, Ref. 1.), by concentric cylinders and 
by a fine wire mesh screen (Lilly flowmeter, Ref. 2.). An evaluation of 
flowmeters in these categories was carried out by Fry, D. L., Hyatt, R., 
McCall, C., Mallos, R., (Ref. 3*) in which they concluded that if the flow 
range was exceeded the onset of turbulence would produce large errors. This 
feature restricts the useful range of all three types and from a practical 
standpoint a single meter cannot be used to cover the entire range of floyi 
from 0 to 400 litres per minute. The laminar flowmeter is also limited by 
its dynamic response, in the case of Fleisch flowmeter, Dubois, A®, Brody, A. 
Lewis, D., Franklin, B. (Ref. 4.) have found the bandwidth to be limited to 
about 8Hz in an investigation into the oscillation mechanics of the lung 
and chest in man. A further problem inherent in the design of devices that 
rely on producing laminar flow is the insensitivity at low flov/s so that 
they require sensitive transducers with high amplification to record the 
output signal.
CCertain other practical problems exist when measuring human respira­
tory flows; fine tubes and mesh tend to become blocked by condensate and . 
mucus. To overcome these, difficulties the test section is often heated so 
as to reduce blocking by dispensing the offending substance into the air- 
stream. The errors due to both obstruction of the test sections and to 
heating the flowmeter are discussed by G-renvik, A., Hedstrand, U.,
Sjogren, H. (Re^. 5*)*
1.2. Principles of Fluidic Devices
In order to overcome the many restrictions imposed by existing 
flowmeters, a fluidic approach presents an elegant and practical solution 
which 7/ould not 'introduce a restriction into the subject*s airway, and 
which should be capable of adequately complying with the dynamic response 
requirements. Fluidic technology is based on the concept that interaction 
between fluid streams can be made to amplify pressure and flow with no 
movement of mechanical parts. Fluidic devices fall into two general groups 
depending on whether the application is digital or analogue. A digital or 
switching element operates on the basis of discrete signal changes; when 
the input signal is raised above a minimum level, or switching point, the 
output changes to either a high or low level. The two discrete levels at 
the input or output being designated *1* and ’O ’. Figure 1a illustrates 
this point; digital devices exhibit good noise immunity from signals below 
their threshold levels, and fluidic combinational logic systems are able to 
be built from available digital elements.
In analogue devices a continuous change or modulation of the output 
occurs in direct relationship to the input signal. Figure 1b, shows a 
typical characteristic of a fluidic proportional amplifier, practical 
designs always exhibiting a non linear range associated with overload or
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tsaturated condition. Unlike the digital element an analogue proportional 
amplifier has no immunity from noise at the input; the amplified noise 
appearing together with the wanted signal at its output. Both the analogue 
and digital fluidic elements have direct analogies to their electronic 
counterparts.
Subtle changes in geometric design of the output channels or ports 
and the way in which the jet is vented to atmosphere produce either digital 
or analogue functions, examples are given in Foster, K., Parker, G0 (Ref. 
6.) with detailed operational descriptions. An example of a basic propor­
tional beam deflection element is shown in Figure 2a. The supply pressure
+P causes a jet of fluid to flow across*a gap and divide equally between 
s
two receiver ports, the differential pressure at the receivers AP^ will be 
zero if there are no out of balance signals on the control ports. Applica­
tion of a signal to the left hand control port causes the supply jet to be
deflected to the right (Figure 2b). Division of the jet between the output
ports is now unbalanced and a differential pressure APr is produced at the 
output. If the deflection is too great then the output becomes non linear 
and produces the saturation effect seen in Figure 1b. In general terms 
proportional amplifiers are linear over 60% of their range and have a gain 
of between 4 - 8  when driving a similar element, with a frequency bandwidth
from 100 - 1,000 Hz depending on the design.
1.3. Fluidic Velocity Sensors
The requirement for the measurement of low air velocities for 
meteorological purposes, and for VST0L aircraft low speed indicators, have 
led to the development of special analogue amplifiers with supply jets 
which are modified by the flow to be measured. In a study on the design 
of turbulent jet anemometry Neradka, V., Turek, R. (Ref. 7.) presented a
-  13 -
co-flowing or parallel flowing jet, which produced a differential pressure
/
by altering the jet entrainment due to changes in air velocity parallel to 
the jet axis. Although the co-flowing jet model, Figure 3a, was able to 
indicate low velocities/ it suffered from a signal-to-noise ratio whose 
dominant frequency was so Ioyj" that filtering did not provide a :solution, 
since all transient information would be lost. The other method of
i
measuring air velocity reported by Neradka, V., et al. was to inject the 
turbulent jet normal to the cross-flow to be measured and by suitably placed 
receiver probes monitor differentially the pressures within the jet as it is 
deflected, (Figure 3b).
The characteristics of jets has been subject of many experimental 
and theoretical studies. For example Albertson, Dai, Jensen, Hunter Rouse, 
(Ref. 80), have described the zone of jet establishment (constant velocity 
core) and the zone of established jet (fully turbulent) for submerged 
turbulent jets of circular and rectangular cross-section issuing into still 
air. Turbulent jets flowing into cross-flowing streams present a more 
complex picture and there exist numerable empirically and theoretically de­
rived formulae for jet centreline trajectory in a cross-flo?/ing stream.
Equations generally describe the jet centreline deflection as 
e X V~/j). = f - . , which takes the more specific form
J V  a
eA .  = constant '
Equations of this form have a wide range of constants and depending on the 
V.
velocity ratio ^  a variation in the powers a and £ ; where for ratios
00
less than 50:1 a = 2 and $ = 3  are typical values. For velocity ratios 
greater than 50:1 as in the case of anemometry a and p are found to 1 and 2.
tVariation in the constant term stems mainly from the difficulty of 
defining the limits of the jet, since there exists no definite boundary 
separating the jet from its surroundings. ’
Equations derived from earlier work are set out in chronological 
order in Table 1; the experiments falling into two general groups dependent 
on the dimensions and velocity ratios considered. Williams, J. & Wood, M., 
(Ref. 9.), investigating the nature and magnitude of aerodynamic effects 
which arise with jet schemes for VSTOL aircraft produced an empirical 
equation for jet centreline deflection. Similarly Crowe, C., Riesebieter, H. 
(Ref. 10.) made fundamental studies of the problem of VSTOL aircraft in a 
cross-wind and derived jet centreline loci as a function of cross-v/ind 
dynamic pressure, the velocity ratios extending to 9-5•
Problems involving gas turbine combustion chambers caused
Shandorov, G-. S. (Ref. 11) to publish experimental results on heated jets;
later Shandorov (Ref. 12.) presented jet axis calculations considering an
elemental length of jet and an aerodynamic force assumed to cause the
deflection. Calagan, Ruggeri (Ref. 13») also used heated jets of nozzle
size 0.025 inch to 0,625 inch directed normally to cross-stream velocities 
V .
for ratios of up to 5° The equation derived by Storms, K. R. (Ref.
00
14.©) was the result of having a jet nozzle located in the free stream
V.
similar to a.probe anemometer, but the experimental range **/ only
00
extended up to 10 which is low for velocity measurements. An investigation 
by Margason *(Ref. 15*) for jets directed at large angles to a cross-flowing 
stream, gave an empirical formula for jet centreline deflection. Using a 
nozzle diameter of one centimetre, trajectories were determined experimentally 
from photographs for velocity ratios up to 10. Margason concluded that his 
equation and that of Ivanov (Ref. 16©) provided the best fit to the
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ctrajectories photographed, Ivanov's equation was for velocity ratios up to 
30 which approached the ratios encountered in anemometry0 Wooler, P. J. 
(Ref, 17o) for the calculation of jet centreline, considered jet entrainment 
of cross-flow fluid and the blockage effect that the jet has on the cross-
flow, Wooler, P, J. (Ref, 18.) later published arguments for the validity
e 7 x  \of the functional relationship = f! /^ ; ) ?or his original
J J
equation by substituting values from Jordinson (Ref, 19*) to show that for 
V. ,
large values of the functional relationship holds, Ytooler predicted
00
a centreline deflection proportional to velocity for high values of that 
ratio, however he did not appear to apply his findings to any practical 
device, «
e Qco
The linear deflection of jet centreline proportional to A
j 5
suggested in a patent for a low velocity anemometer by Tanney, J, Y/-.
V.
(Ref, 20.) employed velocity ratios **/„ greater than 60:1 for jet to
»co
receiver spacing of the order of 30 D.. Carbonaro, M., Colin Olivari* D.
J
(Ref. 21.) in their application of turbulent jet deflection to anemometry
examined further the linear results of Tanney (Ref.'s 20, 22, 23)J their
conclusion was that their results did not agree with those of Tanney or
Wooler. Carbonaro, M., Olivari, D. (Ref. 24o) having conducted further
V.
theoretical and experimental investigations with velocity ratios of **/,_
Vco
of the order of 50, postulated under certain operating conditions the exis­
tence of a linear range. They, however, confined themselves to compressible 
supply jets 'and experiments in which differential receiver pressure (a Pr) 
was proportional to the cross velocity (V^ ) «
The Tanney anemometer appeared to offer considerable potential as a 
flow measuring device to meet the specification of respiratory flow. A 
brief description of the Tanney anemometer is required to clarify the
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difference between it and conventional Beam Deflection amplifiers * Tanney1s 
original design provides an output differential pressure signal approximately 
proportional to air stream velocity or cross-flow velocity. This is achieved 
by the arrangement shown in Figure 4, by providing a turbulent unbounded 
axially-symmetrical supply jet normal to the cross-flow being sensed. In 
the absence of a cross-flow the two symmetrically spaced receiver probes 
record zero difference in pressure. As the cross-flow increases, the supply 
jet is deflected in a downstream direction, this is assumed by Tanney to be 
caused by a cross-flow force equal to the rate at which the momentum of the 
cross-flowing fluid is absorbed into the jet. However, Tanney employs in 
his flowmeter high supply pressures makijig the supply jet compressible and 
invalidating the simple entrainment theory that assumes the cross-flow drag 
per unit jet length to be constant. No mechanism appears yet to have been 
proposed for the deflection of a compressible jet.
1.4« Objectives of the Investigation
The objectives were to introduce such modifications to the Tanney
type of anemometer to enable the volumetric flow rate through a tube to be
measured. Previous research has shown that a linear variation of output
differential pressure with tube flow velocity, might be achieved provided
V.
the ratio of jet velocity to tube velocity ( J/y ) was high.
00
The Tanney velocity sensor was originally intended to measure local 
velocities, within a large flow field, with the complete sensor arranged as 
a probe. For respiratory experiments the volume flow rate of respired air 
in a tube attached to a subject must be measured. Two significant modifica­
tions to the simple velocity sensor are needed in order to measure flow 
bounded.by a tube. Firstly,, the jet fluid must be correctly vented otherwise 
the jet will provide a significant flow in the tube at low cross velocities.
Secondly, it is preferable to have a uniform cross-flow velocity profile to 
deflect the supply jet, otherwise non-linear deflection characteristics may 
be produced. Figure shows the basic configuration of the modified Tanney 
anemometer which conforms to these requirements. There appear to have been 
no previous attempts to measure air flow in pipes, either by three dimen­
sional jets using probes or two dimensional planar devices similar in design 
to existing fluidic beam deflection amplifiers. An air pressure type of 
flow velocity detector was designed in the form of a planar device by 
Sugimoto, H., Tatsumi, Y, (Ref, 25e), the device had a square law relation­
ship between velocity and output pressure and was used in a process, control 
application as a sensing element. ^
Output signals from fluidic proportional amplifiers all contain 
noise produced by the turbulence of the supply jet; in the Tanney design, 
due to sonic velocities of the jet and its impingement on the receivers, 
the output signal contained high noise levels compared to the received 
signal. The noise superimposed on an output signal becomes an important 
factor since there must be a threshold when the output signal cannot be 
distinguished from the noise. Clearly the signal-to-noise ratio is required 
to be as high as possible at all times, methods of reducing noise within the 
fluidic element, and the factors that influence noise production have been 
investigated by Kelly, L, R., Shinn, J, N. (Ref, 26.)® Tanney appeared to 
take little precaution in his design to reduce noise, and these noise prob­
lems were encountered by Carbonaro, M., et al. (Ref. 24*) following their 
investigation of Tanney1s patent (Ref, 20,). It was therefore evident that 
considerable improvements in signal-to-noise ratios would be required for a 
practical flowmeter.
A two dimensional approach to the problem of measuring flow by
turbulent jet deflection suggested immediately a design similar to existing
fluidic beam deflection amplifiers. vThis design being in no way similar to
*>
the original or modified Tanney anemometers shown in Figure 5* An advantage 
in using a fluidic element approach is that noise improvement techniques
were possible along the lines suggested by Kelly, L. R., et al. (Ref® 26®).
!
Beam Deflection amplifiers have a bandwidth of operation up to several 
hundred cycles per second which would adequately cope with transient respira 
tory flow signals. The frequency response required of a respiratory 
flowmeter during the most arduous breathing manoeuvres was investigated by 
McCall, C., Hyatt, R,, Noble, F., Fry, D (Ref. 27*). They estimated a 
response of 26Hz for measurements made during maximum breathing capacity, 
the upper frequency was defined by an amplitude greater than 5% of the 
fundamental frequency. In a specification for a respiratory simulator 
Allen, &., G-ale, G-. (Ref. 43*) suggested that the upper frequency response 
should be 100Hz in order that instabilities in breathing regulators could 
be investigated®
Although fluidic technology has found some applications in medical 
engineering, Parker, G-. A. (Ref. 29.) and several types of fluidic
respirators have been built, Woodward, K., et al. (Ref. 30*) an& Ball, G-. J.
(Ref. 31«)> 'to' control or augment breathing, no work has been reported on 
the use of fluidic devices for the measurement of lung characteristics; in 
particular tidal and minute volume (Appendix A2).
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13 Callagan & Ruggeri 
(1948)
16 Ivanov (1952)
11 Shandorov (1957)
28 Volinsky (1963)
9 Williams & Wood 
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14 Storms (1965)
12 Shandorov (1966)
20 Tanney (1967)
10 Crow &
Riesebieter
(1967)
21 Carbonaro, Colin & 
24 Olivari
(1970 & 1971)
Velocity
Ratio Range
V./V 
J ”
Jet Centreline Deflection Equation
3 . 5 - 1 0  0.118
J vj y  \ 3'
D. \V. 
J ' J
3.5 - 30
1-A - 4 '7 57 = v v.
J ' J
2.6
2.55
e \39 /VA 2 V Theoretical r—  = |— e( 7^ -) 1 In.
4 - 8
V  \cd \vJ
V \ 3
200'
1 + o.if-l1 V 1 + irJ
J
= 2.3 
D. \ V
J ' J
4 - 1 0
e 1 /V.\2 / 3Vm x
Theoretical §~ = j l y 1 ) cosh. ( ^
3 ' ' j J
- 1
60 £_ = I M  I2L.\ 2
D. - 2 dx • . )
o f t - 9  5 ®_ = CD N X_
9 D. n \ 3 * D./ \v
J X 3 / X J
V \ 2 / \ 2
' #X
50 ir-Mt
2.85/V \ 3.14
TABLE 1.1.
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eCHAPTER* 2 
THEORY OF CROSS-FLOW DEFLECTION
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2o0o Theory of Cross-Flow Deflection
The way in which the supply jet of the flowmeter is deflected by
the cross-flow to be measured, determines to a great extent the suitability
of a particular configuration of jet and receivers to make flow measurements.
If the ratio of to V. is large, the deflection of the jet is too great'
J
and the range over which the flow could be measured would be small. Also
with higher ratios of Vw to V. the pressure profile distortion is severe
J
0
and would produce non-linearities in the received pressure signal. In
order to achieve satisfactory linearity over a useful range of flow the
position of the receivers with respect to the jet centreline is most
important . . It may be seen from Table 1w-1*that most studies have been concerned
with the larger ratios of V to V., In an anemometer or flowmeter application
00 J
the ratio of V to V. is low and the resulting jet deflection small.00 j
The forms in which the flowmeters were investigated fall into three 
categories, the first flowmeter employed a circular supply jet with circular 
probes as receivers. There were two constructions of the same basic arrange­
ment known as Types 1 and 2. An axially-symmetrical free turbulent jet 
with receiver probes positioned within the jetfs established region some 
15 to 40 jet diameters downstream 'was employed. The second form of 
construction for the flowmeter was from chemically etched metal shims which 
were stacked to form a square sided jet nozzle, this was known as the 
planar construction. The jet was of low aspect ratio and free to spread 
in all directions, it was therefore known as the unconfined planar jet, the 
receiver ports were also square sided forming the wall opposite the jet.
This construction allowed various aspect ratios to be used and was known 
as the Type 3 flowmeter. The third variation in the construction was again 
planar with the addition of jet confining plates forming the upper and
4 -  22 -
0lower boundaries of the jet aperture, thus preventing the jet from spreading 
in the vertical plane. This jet was a confined planar jet and was the 
feature of the so-called Type 4 flowmeter, the receiver ports were square 
sided as in the Type 3» The laminated construction of the Types 3 and 4 is 
shown in Figure 6, the whole assembly being enclosed within a pipe, venting 
around the receivers is provided to reduce interference from surplus jet 
fluid.
• 9
2.10 Circular Jet • " ■
The analytical treatment of the development, deflection and dis­
tortion of a turbulent jet flowing a right angles to a cross-flowing stream, 
as shown in Figure 4, is extremely compiex. A great number of experimental 
and theoretical papers have produced as many different equations expressing 
the deflection of turbulent jets by a cross-flow. In this study many of 
the variables are strictly limited so that a simplified approach based on 
a number of approximations is considered valid. Specifically the following 
assumptions and approximations are made:-
a. The jet is considered to be fully developed within 6«2 D. of
J
the jet exit; all tests were performed for X >15 D..
J
b. The free stream, or cross-velocity, does not distort adversely 
'the jet pressure profile.
Co Resulting from b. the jet growth rate, rate of entrainment,
. pressure and velocity distributions are assumed to be the same 
as for a turbulent jet developing in still air,
do Over most of the length of the jet, between the jet exit and
the plane of the receiver inlets, the cross-flow velocity is 
small compared to the jet axial velocity.
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e. Jqt flow is assumed to be incompressible for simplicity,
f
although in some cases the error may be significant®
f. The axial jet momentum is assumed to be conserved along its
length. ;
g. The volumetric flow increases linearly along the jet length 
due to entrainment from its surroundings.
h. Following from g. it is assumed the operation of the probe 
flowmeter is independent of the physical properties of the 
supply fluid, shown in an investigation by Drobodzicki, G-. A., 
Tanney, J. W. (Ref. 32.).
Table 1.1. shows that the equation of the deflection of an axially-
symmetrical jet fall into two general groups, for which the deflection laws 
are given as:
Y/here e is the jet centreline deflection distance.
Each of these equations is associated with a given range of velocity 
ratio —  which is denoted by V, Carbonaro et al. (Ref* 24.) investigated
this apparent inconsistency and demonstrated that for a velocity ratio V 
of the order of 0o1 Equation 2.1.2® holds, and for ratios of V less than 
0®02 Equation 2.1.1. is best suited® These results were further substan­
tiated by tests performed using velocity ratios in the order of V < 0®02, 
being in agreement with Equation 2.1 ®1® The jet centreline deflections 
were obtained by measuring the point of maximum pressure recovery and are 
shown in Figure 7, for various values of V. The jet trajectories have
— is proportional
5
—  is proportional 
3
2.1.2
V.
0
only been taken to a position of 30 D • downstream of the jet, the proximity 
of the tube wall made further measurements difficult to make*, •
Assumption c. states that the jet momentum J. and jet entrainment'
* 0 «
are constant along the length of the jet. By considering a short, segment 
of deflected jet having an incremental change in the direction of the 
cross-flowing stream de and attributing this deflection to some fraction 
of entrained flow momentum, an equation may be written.
, d0 ,r dQj it— = j) p y 
j dx “ dx
where B is the fraction of entrained flow momentum contributing to jet
2 *
deflection. Since for small , the curvature of the jet.* dx , 2 dx
j. L X  = n p v 2.1.3.
J dx2
dQ
where ™  is the entrainment per unit length of jet.
Introducing a non-dimensionalised potential core length for the jet 
of x = 6.2, together with known expressions for entrainment flow and jet 
spread within the jet’s zones of establishment and established flow, the 
deflection distances may be calculated.
Integrating Equation 2.1.3# and matching the solutions for the non-
— dvdimens ionalised deflection distance y and rg at the end of the potential 
core, the following results are obtained for circular jet flows.
In the zone of establishment, from Albertson et al. (Ref. 80), the 
volumetric flow Q is given by
= Q = 1 + 0.083x + 0*0128x2
yo
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where Qq is the volumetric flow from the jet, 
hence,
= 0.083 + 0.0256xdV
Y/hen non-dimens ionalised Equation 2 0 i. 3 - becomes
J . ,2- Q .7
= n pv sp . '|SD . a-2 00 D . dxJ ^  o
Substituting for -g from Equation 201*4o in Equation 2.1
,-2
dx
By integrating ,
-.2-
= B y  (0.083 + 0 o0236x )
££ _ n V (0.083x + 0.0128x2 + C ) 
dx '
for
x = 0, y = 0, || = 0 .*© C1 = 0
f§ = nV (0.083x + 0.0128x2)
Further integration gives,
y = n ? ( M 8 ^ 2 + 0 , 0 1 2 8 - 3 ^ )
2*1.4.
2.1?5o
.5. gives,
2.1.6.
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For the same initial conditions x =0, y = 0 and &  = 0, = 0.7 dx 9 2
y = n V (0.0^2x2 + 0.0043X3) ' ' 2.1.7.
For the established flow region from Albertson et al. (Ref* 8.), the 
volumetric flow Q is;
I = Q = 0.3&
hence
i  = °-32 ' 2.1.8,
Equation 2.1*5* now becomes,
2-
= 0.32 n V 2.1.9.
dx
Integrating Equation 2.1.9* gives,
§£ = n v (0.32X + Cj 2.1.10.
dx 5
Evaluation of the constants of integration for the established flow is 
obtained by matching the solutions with those for the zone of establishment 
at the end of the potential core region, i.e. x = 6.2. Equating solutions
2.1.6. and 2.1.10. for x = 6*2, gives = -0.977, hence,
= n V (0.325 - 0.977)
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Further integration gives
y . = -t) V (0o16x2 - 0.977x + C^)
/ Again equating the y solutions for x = 6.2 gives, = 7o704- and
/
y = hV (0o16x2 - Oe98x + 7o7) 2 .1 .11,,
2.2, Unoonfined Planar Jet
The planar jet was of low aspect ratios, i.e. not exceeding 4i1, 
and operated at lower supply pressures than the circular jet device. So 
that assumption c. made in Section 2.1. is more accurate, again the jet is 
assumed to be incompressible although for the higher operating pressures 
this assumption may have produced significant errors. One further assump­
tion made in addition to those proposed in the former section is that an 
unconfined planar jet approximates to an axially-symmetrical jet at a 
distance of 20 W. downstream of the jet exit. Sforza, P. et al. (Ref. 33.).
Equation. 2.1.11. derived in Section 2.1. for the jet deflection is 
therefore suitable for the unconfined planar jet.
2.3. Confined Planar Jet
The shim method of constructing the flowmeter enabled the design of 
the Type 4 or confined planar jet flowmeter, to exercise some degree of 
control over the entrainment into the jet by confining the vertical spread 
forcing it to spread laterally. It was therefore possible to vary the jet 
area presented to the cross-flow from which the entrained fluid is derived. 
An approximation to t he way in which the jet spreads and to the relation­
ships of entrained flow are taken from the two dimensional jet model of
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Albertson et al. (Ref. 8.). The Albertson jet model had a minimum aspect
ratio of 48:1 compared to a maximum of 4:1 in the case of the confined
planar jet used in the Type 4 flowmeter. With this approximation stated .
the analysis of confined planar jet deflection was calculated in the same
manner as the circular jet case. The potential core length in the confined
case being 5.2 W.,
3
Using the two dimensional jet equations from Albertson et al. (Ref. 
8.) to determine the jet deflection of the confined planar jet flowmeter, 
gives for the zone of jet establishment the equation for volumetric flow Q 
as;
| = Q = 1 + 0.08x
dQ = 0.08 2.3.1.
dx
Following a similar analysis to the circular jet case, and using Equation
2.3.1. Y/ith Equation 2.1.3. gives
^  = nV (0.08x) . 2.3.2.
and further integration gives,
y = n V (0.04X2) 2.3.3.
For the region of established flow, i.e. x > 3®2, the flow equations are,
cdo _ “0*5
= 0*31 (x) 2*3.4.
Substituting Equation 2.3-.4. into Equation 2.1 .5., integrating and matching 
solutions for x = 5*2 gives,
flv - °*3
g- = n v (0o62x - 0o998) 2.3.3o
By further integration and matching solutions as before gives,
1.5
y = n V (0.413x - 0.998x + 1.372) 2.3.6.
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tCHARTER * 3 
EXPERIMENTAL INVESTIGATION
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t3©0* Experimental Investigation
3»1* Constructional Details of the Tubular Flowmeters
The tubular or '‘modified" Tanney flowmeter was constructed in a
similar fashion to existing cross-flow anemometers but with the cross-flow , 
bounded by a tube, (Figure 5)• This cross-flow tube diameter was chosen to 
be approximately 2©3 cm. so that its cross sectional area was comparable 
with the flexible pipes employed in physiological laboratories. §upply 
jet and receiver probes were mounted on the flow tube so that the experi­
mental parameters of receiver spacing X and separation S could be varied
continuously. The object of these tests was to determine an order for the
*
variables required to cover the range of flow from 0-400 litres per minute.
A photograph of the prototype design (Figure 18) shows the method by which 
adjustment of variables S and X is made. Also shown in the photograph is 
the traversing mechanism for the hot wire anemometer probe used to establish 
the cross-flow velocity profile.
3.1.1* Construction of Type 1
The prototype consisted of a cross-flow tube approximately 35 cm.
long constructed from No. 22 Rollet telescopic tubing having an internal 
diameter of 28.4 m.m., the material was cold drawn brass (BS 5883) and had 
a highly'polished finish on both internal and external walls. The tube 
was supported at each end by clamps fixed to a three sided heavy gauge 
duralumin base plate with adjustable legs at each corner. At each end of 
the cross-flow tube a screwed connector enabled different sections to be 
linked to the test portion of the tube. A detailed drawing, Figure 9* 
shows how the receiver probes were mounted on two sleeves which were a good 
sliding fit on the outside of the flow tube; the sleeves were traversed by 
attaching each one to its own precision lead screw, providing the facility
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Iof manual operation. The jet probe was soldered to a saddle which was 
driven at right angles to the sleeve by another lead screw; the probe 
passed through a guideway to minimise misalignment' errors. The same 
mechanism was applied to the two receiver probes mounted on the moveable 
outer sliding sleeves, the lead screw pitch in each case was 0.635 m.m. or
40 threads per inch. Each lead screw had attached to it a precision
counter knob Y/hich enabled precise changes in each parameter to be made.
Once a reference point was determined by positioning the jet and receivers
flush with the cross tube v/all and setting the receivers to a position of 
zero differential pressure, the knobs were set to zero. All subsequent 
measurements were made with respect to this fiducial point. Probes v/ere 
manufactured from hard dravm hyperdermic austenitic tubing. Two sizes 
were used, No. 19 standard wire gauge (s.w.g.) internal diameter 0.71 m.m. 
and No. 17 s.w.g. of 1.1 m.m. internal diameter. The jet and receivers 
passed through the wall of the tube to penetrate the cross stream, the end 
of each probe being chamfered to an inclusive angle of 40°.
3.1.2. Construction of Type 2
The first experimental rig allowed preliminary measurements to be 
made. However, due to problems of misalignment, a second probe test 
section v/as manufactured so that repeatable flow characteristics could be 
made. A photograph of the second arrangement is shovm in Figure 10, it 
comprised of a solid block of brass cut into halves and turned to make a 
slight interference fit on the cross-flow tube. The flow tube was suitably 
machined so as to allow one block to be fixed to the base plate and the 
other half, complete with mounted jet and receiver probes, to be lowered 
5 into position. To secure the probes and to allow incremental changes of 
one probe diameter to be effected in the S parameter, vee shaped grooves
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ewere milled in the removeable block which also made possible continuous 
movement in the X direction* The probes were held in their final position 
by paxolin clamps, and the distances S and X measured by a travelling 
microscope; making possible the unavoidable misalignment errors to be 
recorded on the results sheets.
\
Selected lengths of hyperdermic tubing for the jet and receiver 
probes were made so that each piece had an eccentricity diameter less than
9
1.3 ym per 5 cm. length (selection was made by Inspection Department of the 
Royal Aircraft Establishment). Venting of the supply jet was provided by 
suitably chamfering the brass block in the vicinity of the receivers. This 
Type 2 probe arrangement was used to derive reproducible characteristics 
for steady cross-flow conditions; signal-to-noise measurements were also 
made.
3,2. Constructional Details of the Planar Flovnnsters
In order to reduce the errors of misalignment encountered when
using long tubular probes, a laminated planar construction of chemically
etched shims was adopted. The laminations were etched from 0.076 m.m.
stainless steel shims, a selection of the various profiles used in the
flowmeter construction is shown in Figure 11. The jet and receiver widths
and were 0.51 m.m. and the receiver shims arranged to have three
separation distances S = 3 YT., 5 W. and 7 Y/., with the distance between
J J J
jet exit and receivers maintained constant at 20 The supply jet had
two additional jets entering at 45°, these auxiliary jets were used to 
correct any null offset position of the supply jet. Each particular flow­
meter geometry was mounted in an accurately moulded casting which enabled 
connections to be made to the shim assembly. A photograph of the casting 
is shown in Figure 12. The casting material was a mixture of araldite and
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slate dust which acted as a mould release agent, gave dimensional stability, 
and allowed the two casting surfaces to be lapped until flat.
3.2.1. Type 3
The construction of the Type 3 flowmeter by metal shims introduced 
a versatility to the assemblies that allowed the aspect ratio of the jet 
and receivers (AR. and AR ) to be changed independently. The salient 
feature of the Type 3 is that the planar jet is unconfined and free to 
spread in all directions as shown in Figure 6. Partitioning of the receiver 
is also possible in order to reduce noise levels on the output signal.
3*2.2. Type 4
The Type 4 planar jet construction benefited from the same .advan­
tages offered by the Type 3 flowmeter, with the additional feature of being 
able to confine the planar jet. The Type 4 flowmeter is illustrated in 
Figure 6 where the confining plates may be seen forming the upper and lower 
boundaries of the supply jet, hence restricting the jet from spreading in 
a direction normal to the plane of the pipe flow. This gives the configu­
ration the additional versatility of exercising some control over t he 
entrainment of the jet.
3*3* Measurement Methods {
The methods of measurement were common to all test configurations 
with some minor modification in procedure dependent upon flowmeter configu­
ration. The cross-flow was produced by a vacuum motor whose speed was 
controlled by a thyristor circuit. A reservoir of approximately 5 litres 
capacity with flow straightening tubes was situated at the vacuum motor 
inlet and a variable orifice was also included at the reservoir inlet to 
allow fine adjustments of the cross-flow by venting the flow to atmosphere.
An illustration of the general arrangement of the experiments is shown in 
Figure 13* Upstream of the reservoir chamber in series with the cross-flow 
stream was a'Fleisch flowmeter used to measure the* mean cross-flow (Qa,).
The Fleisch flowmetei' is made up of a large number of parallel capillary 
tubes which form laminar flow through a short test section to produce a 
pressure difference proportional to floY/. The Fleisch calibration curve, 
shown in Appendix A1.1., was made by comparison with a range of standard large 
bore rotameters. The pressures produced by the Fleisch flowmeter"were low 
(3 cm. water gauge maximum) and were measured by a precision tilting "U" 
tube micromanometer whose sensitivity was 0.27 ybar; the instrument has 
been described by Brads hew, P. (Ref. 34.) and was manufactured by Combustion 
Instruments Ltd.
In the case of the circular jet termination of the jet and receiver 
probes was by miniature Enott pressure fittings. To measure jet pressure 
and flow, dial pressure gauges and a glass tri-square \ inch rotameter 
manufactured by the Fischer & Porter Co. wave connected into the high 
pressure line. The rotameter was maintained at a line pressure of 2.76 
bar by a Norgren regulator throughout the experiments. Rotameter flow 
calibration calculations and curves are set out in Appendix A3.3.
For both the circular and planar jet configurations the receiver 
pressures were measured by inductive half bridge transducer (S.E. Laboratories 
type SE130), vri.th a maximum range of + 127 cm. water gauge. The transducer 
was calibrated by comparison to a water manometer to give 0©100 volt per 
10 cm. water; the resolution was taken as + 1 m.m. Y/ater gauge. Calibration 
curves are shoYm in the Appendix A1.2. Transducer voltages were monitored 
by a Solartron type LM1420 digital voltmeter, which has an input impedance 
of 1000 megohms. The 30 Hz. filter was not used. Noise on the receivers 
was measured by a Disa true root mean square voltmeter type 55D35o The
' upper frequency of the transducer carrier system was taken to be'500-Hz . 
from the manufacturer’s specification, this figure was in agreement with 
tests carried out by Morsi, S. (Ref. 35*)♦ The natural frequency of the 
transducer employed was measured as 472 Hz. and the pipework was arranged 
to give approximately critical damping. Signal-to-noise ratio is here 
defined as:-
■ Solartron digital voltmeter reading 
j Disa true r.m.s. noise voltage ,
Pour tube diameters upstream from the test section provision was 
made for the insertion of a hot wire anemometer probe to ascertain the 
velocity distribution across the tube in the plane of the jet axis and at 
right angles to the jet plane. The hot wire anemometer was not used for 
quantative flow measurements. The reason for making velocity profile plots 
of the tube flow was to ensure that the cross-flov/ was evenly distributed 
within the tube. A graph of velocity profiles is shown in Figure 14. On 
the Type 2 flowmeter, measurements of the probe jet and receiver positions 
were made using a Moore & Wright travelling microscope, these positions
were checked at the commencement and end of each test and recorded on the
/
results sheets. :
Prior to the commencement of tests on the planar Type 3 and 4 
flowmeters it was necessary to centralist? the jet, this slight unbalance 
in receiver pressure was due to small inaccuracies that are unavoidably 
associated with multistage production of the shims. To centralise the 
supply jet tvjo auxiliary jets entering at 43° to the main jet were connected 
to the supply jet externally by tubing containing small sharp edged orifices 
manufactured from synthetic sapphire. The orifices (Fluristors) ranged in 
diameter* from 0,07 m.m. (S7) to 0.6 m.m. (s60).
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tThe dynamic measurements on the Type 4 flowmeter involved the use 
of a large scale fluidic switch described by Eroju, D. (Ref, 36,), to 
produce fast rising outputs of cross-flow up to 150 litres per minute.
Steady flow characteristics of the switch were first determined from 
various supply and control pressures by monitoring the output with the 
Fleisch flowmeter and micromanometer, A photograph of the large scale 
element is shown in Figure 15. Mounted on the control port is an electrically 
operated solenoid valve which allowed the control flow to be repeatedly 
applied to the supply jet. The method by which the large scale fluidic 
switch and the fluidic flowmeter rise times were determined is set out in 
diagrammatic form in Figure 16. The pulse used to repeatedly trigger the 
solenoid valve was also passed through a variable delay circuit, the output 
of which was used to operate the Hewlett Packard correlator. An anemometer 
probe was suitably positioned to measure the response time of the fluidic 
switch or flowmeter by storing the anemometer probe voltage on the correlator 
used in its averaging mode. Because the averaging process used a course v 
three bit digital quantizer to approximate the actual flow waveform, a 
minimum of 128 responses had to be taken to establish the rise time of the 
signal. The final averaged signal displayed on the CRT was made up of 100 
points of equal time interval, the Y ordinates held in a binary store which 
were read out onto punched paper tape. The correlator was in effect being 
used as a true averager with the additional facility of data storage. The 
results of the dynamic tests are set out in section 3*6, and Appendix A1.3*
3,4. Experiments on Jet Characteristics
Some preliminary tests were performed to gain information on the 
behaviour of both circular and planar supply jets flowing normally to a 
cross-flow bounded by a tube representing the respiratory flow. The jet
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centreline position is assumed throughout to be the point of maximum 
received pressure,
3,4.1 ♦ Circular Jet Characteristics
The symmetry of the supply jet pressure profiles is shown in
Figure 17 and a comparison of the effect of altering the jet diameters
from 0,71 m.m. to 1,1 m.m, reveals that for a given supply pressure and X
distance the two jets showed little difference in pressure recovery
(pressure recovery is defined here as the receiver pressure divided by the
supply pressure). A low peak pressure recovery (5/Q was attributed to the
losses incurred by having jet probes 100 D. in length; the long jet probe
J
was made necessary by the design of the'experimental rig. To illustrate
further the maximum pressure recovery for two different jet diameters,
Figure 18, shows the percentage pressure recovery related to the distance
between jet and receiver, X. The graph shows that the pressure recovery is
low at all the practical values of jet to receiver spacing and at X = 20 D .
*}
the maximum value of received signal is approximately 3/° of the supply 
pressure. A single receiver probe of 0o71 m.m. diameter was used in all 
the receiver pressure measurements. The rate at which the circular jet 
spreads as it leaves the nozzle exit is expressed graphically in Figure 19 
as the diameter of the half pressure circle with X distance, this data was 
extracted from the pressure profile information for the two jets for supply 
pressures of 0.69, 1 <>38 and 2o07 bar.
The linear spread of the jet over most of the cross-flow tube dia­
meter is a result expected from the theory of Albertson et al. (Ref. 8.), 
but in the proximity of the tube wall the jet spread is affected by re- 
circulatory flow off the curved surface of the wall. The jet spread was 
measured normal to the jet direction and since the spread rate was greater
than anticipated in this region, there mast have been a local reduction in
pressure which had an effect 15 D. away from the tube wall* The graph
J
provided a means of estimating suitable spacing for the receiver probes 
since the half pressure/diameter was within the most linear portion of the 
jet pressure profile.
Jet pressure profiles taken with various cross velocities are shown
! ' •
in Figure 20. Tjiree profiles are shown which are representative of the 
cross-flow range 0-300 litres/min. displaced from one another in the direc­
tion of cross-flow, peak receiver pressure was attenuated by an increase in 
cross-flow velocity. Restrictions in traversing the receiver probe in the 
Y direction on the prototype equipment did not allow a greater range of 
complete profiles to be measured. The data from these curves was used 
further to check the assumption made in the theory of jet deflection, which 
stated that if the ratio of the jet velocity to cross-flow velocity was 
high enough the jet pressure profile would be undistorted by the cross 
stream. This assumption was checked by plotting, in the same quadrant, 
the upstream and downstream halves of a pressure profile subjected to zero 
and 80^ 5 maximum flow. This curve is shown in Figure 21, where the receiver 
pressure was normalised to the maximum receiver pressure plotted against Y 
axis measurements normalised to the half pressure radius. An equation from 
Carbonaro et al. (Ref. 21.) was fitted to the measured data, which in turn 
agreed with the results of Shandorov (Ref. 12.), for the equation of an 
undeflected jet pressure profile expressed in the same way.
Graphs of receiver peak pressure decay for various values of V are
shown in Figure 22. Jet centreline pressures (P ) were normalised to the
maximum jet centreline pressure with no cross-flow (P , for a range
m V = 0
of cross-flow velocities. The curves show clearly the more rapid attenuation
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eof receiver pressure for the higher supply pressures and information from 
these curves is made use of in Chapter 4 when calculating flowmeter 
characteristics. The variation of peak receiver pressure along the X axis 
is shown in Figure 23, for ratios of jot to cross-flow velocity (v ) ,  the 
change in amplitude of the received signal decreases as the X distance is 
increased. The level portion on each of the three curves for X values less 
than 10 D^. occurred because the receiver probe was within the potential 
core region of the jet.
3.4.2. Planar Jet Characteristics
Due to the flexibility of the shim construction, the flowmeter was
tested over a range of nozzle aspect ratios with different values for the
supply jet and receivers, the majority of tests were performed for aspect
ratios in the range 0,3 to 3« Two basic overall configurations were
employed, firstly cover plates between the receivers and supply jets were
inserted at a much greater distance than the supply nozzle depth. Sntrain-
ment was possible over the perimeter of the supply jet, this was known as an
unconfined planar jet, or the Type 3 flowmeter. Secondly, the cover plates
between receivers and supply jets were positioned to form the upper and
lower boundaries of the supply jet. Entrainment from the cross -flow was
only possible on the two sides of the jet, this was known as the confined
planar jet configuration or the Type 4 flowmeter. An illustration is given
of the two types in Figure 6. The width of the jet nozzle W. and the
receiver entrance W were the same in all tests and equal to 0.31 m.m. or
0.020 inch, the jet to receiver spacing was constant at 20 W.. Aspect
ratio for the jet and receiver is denoted by AR. and AR • When the receiver
J r
is partitioned into more than one parallel path it is denoted by v n, where 
n s 2 for two parallel paths and so on. The results of tests carried out
on the planar arrangements are set out in the following section 3*5*2.
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To establish the value of (P )_ for the confined planar jet,
m V = 0
the receiver section was replaced by jet shims, with the auxiliary jets 
blocked the central jet measured the maximum receiver pressure with zero 
cross-flow. To establish the velocity ratio required to deflect the jet a 
known amount and ascertain the reduction in receiver pressure due to cross-
changes in V than the unconfined jet case, due to the reduced entrainment. 
Also the planar jet shows greater pressure recovery, attributed to reduction 
in friction losses by having a shorter section and lower supply pressures. 
The results of tests .carried out on the planar flowmeters including signal- 
to-noise ratios and the effects of feedback on flowmeter performance are set 
out in the follov/ing section 3*5*2.
3*5* Static Characteristics
planar flowmeters are presented together with graphs of signal-to-noise 
results.
3*5*1. Circular Jet Flowmeter
they show the effect of varying the receiver spacing and supply pressure on 
the differential receiver pressure. The results cover a wide range of 
supply pressures and X spacing, the consequence of which is that the restric­
ted linearity is of little value. The significant offset about null position 
is due to the unavoidable misalignment errors between the supply jet and 
receivers. The best results for the probe experiments are shown in
Figure 27, for an X spacing of 20 D . and a supply pressure of 2.07 bar,
0
hovrever the flow range specification is not fulfilled.
are shown in Figure 24. The curves show that the change in P is less for
° m
flow, data collected from various tests on receiver spacings S = 3 5 W
and 7 W. was used. The configurations employed no feedback and the results
In this section the static characteristics of both the circular and
The static flowmeter characteristics are shown in Figures 25 and 26
0A family of curves showing the effects of X spacing and supply 
pressure on the signal-to-noise ratio is illustrated in Figure 28. Noise 
data for these tests were, collected using a single receiver prohe of 
0,71 m.m, diameter from which the pressure signal was measured by means of 
an inductive transducer whose bandwidth did not exceed 500 Hz. The curves 
for the 11.73 and, 2.07 bar supply pressures showed an unexpected peak in the 
region of X = 3<J D y
I 0
3*5*2. Planar Jet Flowmeter
Typical static gain characteristics of the confined and unconfined
configurations obtained by deflecting the jet by a cross-flow representing
the respiratory flow are shown in Figure 29. The effect of varying the
receiver spacing from 3 W • to 7 W . ■ on the differential receiver pressure
0 J
for different supply pressures is illustrated. Around the null position 
the gain characteristics show a reduced gain for both flowmeter types this 
was not an expected result and is considered in more detail in Chapter 4. 
The confined planar jet or Type 4 flowmeter exhibited a superior 
characteristic than the equivalent Type 3*
The signal-to-noise ratios measured for the two configurations with
a receiver spacing of 7-W. are shown in Figure 30 for a supply pressure of
J
0,35 bar. Comparing the shapes of the signal-to-noise characteristics with 
the graphs of Figure 29, it will be observed that the two sets of curves 
are similar in shape. This arises because the receiver noise signal ampli­
tude remains almost constant over the entire cross-flow range for both 
types of flowmeter. Improvements in the signal-to-noise figures were made 
by dividing the receiver channels into parallel paths, this effect shown in 
Figure 31, was produced by maintaining the supply jet aspect ratio constant 
at 321 for the various receiver configurations tested. There appeared to
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be no advantage in providing parallel paths within a receiver of very low
i
aspect ratio, i.e. where AR^ = 0,3:1 f 2, yet there appeared to be in these
results almost a 100% improvement when AR^ = 0.6:1 was partitioned into
AR^ = 0o6:1 r 2. In order to overcome the low gain region which exists at
low cross-flows on the static gain characteristics, positive feedback was
applied by returning the receiver channels via orifices to the opposite
control parts. High value resistance orifices were placed in ^he feedback
lines giving small feedback flows ?/hich were not large enough to be a
destabilising factor. Figure 32 shows the effect of positive feedback on
the static gain of the confined jet configuration when AR . = 2, AR = 0.6 v 2
J ^
with a receiver spacing of S = 3 W., chosen because of its low gain region 
with no feedback (see Figure 29)• The non-linear range was reduced from 
approximately 50% of full range down to 10% of full range but this was 
achieved at the expense of some limitation in range. The high values of 
resistance used in the feedback paths added negligible noise to the received 
signal and increased the gain which resulted in an overall improvement in 
the signal-to-noise ratios. At a flowrate of 350 litres per minute the 
signal-to-noise ratio was 150 compared to 60 with no feedback (Figures 30 
and 33)•
Figure 33 illustrates the results of further tests in which an
attempt was made to provide from the supply a centralised supply jet using
the auxiliary jets and the positive feedback feature. The characteristics
show a confined jet with AR. = 2, AR = 0.6 f 2 with a receiver spacing
0 r
S = 7 W.. The curve shows that a linear operating range is possible pro- 
J
vided a flow range reduction is accepted; in this case the range was 
reduced from 500 litres per minute to 380 litres per minute and the low 
gain region reduced to approximately jfo of the linear range.
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t3o6. Dynamic Test
Transient step response tests were performed on the planar Type 4 
flowmeter for various jet- aspect ratios using the large scale fluidic • 
switch (Figure 15)» Because the differential pressures were low (e.g.
1 cm.HgO) no suitable fast response pressure transducer could be found, a 
conventional inductive pressure transducer (+ 127 cm. water gauge) was used. 
The inductive transducer was subjected separately to transient tests, small 
pressures were applied by rapidly withdrawing a syringe plunger, Hansen, A. 
(Ref. 37.)• The undanped natural frequency of the transducer shown in 
Figure 34 was measured to be 472 Hz., and by applying damping in the form 
of 1 m.m. bore tubing one centimetre loqg to each transducer pressure 
connection, critical damping was achieved. The critically damped settling 
time of the transducer produced by the syringe method was 2.S m.sec. The 
critically damped transducer was used for all subsequent pressure 
measurements•
The fluidic flowmeter was assembled in three configurations with
the jet aspect ratio AR. = 1.5, 2 and 4, AR = 0o6 t 2, S = 7 W.. No feed-
0 ^ J
back was used because the lengths of tube required external to the flowmeter 
degraded the response time. Results of the transient tests are displayed 
in Figure 35 for an input flow change from 0 to 145 litres per minute with 
a settling time of 7*5 m.sec., which was the fastest rate of change of flow 
the fluidic switch delivered. The rise times of the switch as measured by 
a hot wire anemometer are shown in Appendix A1.3. It will be observed that 
the flowmeter receiver pressure rise time in all three cases of jet aspect 
ratio was faster than the forcing signal from the switch, this is accounted 
for by considering the jet to be greatly underdamped. Another feature of 
the response waveform for the different aspect ratios was that each one had
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an oscillatory component, this feature being most dominant for the jet
/
/
aspect ratio of 4:1. The frequency of oscillation was measured as 390 Hz
which was less than the undamped natural frequency of the transducer.
In an attempt to make some comparisons with the Fleisch flowmeter
j dynamic tests were performed using the same procedures. Each flowmeter was
/
/
positioned directly on the output of the fluidic switch, the Fleisch was
compared to a fluidic flowmeter configuration of AR. = 2, AR = 0.6 v 2,
«)
S = 7 W. with no feedback. Two flows were used 72 litres/min and
145 litres/min the results of which are shown in Figure 36, again an
oscillatory component is evident.
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CHAPTER 4 
DISCUSSION
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4.1* Jet Deflection
~ : ~ ~  ; ■ . S'
Early work on jets in a cross-stream dealt in general with velocity
ratios (V) in the range 1 to 0o1, where the dimensions of the nozzle were
v> ; ‘
comparatively large and the flow field infinite; for example, in the case 
of dispersing chimney smoke plumes* With the advent of V/STOL aircraft the 
aerodynamic problems associated with wind acting on vertical jets of air­
craft gave rise to investigations using velocity ratios in the order of 
0*05. In more recent years the development of turbulent jet anemometers has 
led to interest in high velocity jets being deflected by low cross-velocities,
i.e. V <0*02. In this application the jet and its associated receivers are 
arranged as a probe and used in large flow fields to measure local velocities, 
such as low air speed indicators, attached to aircraft wings and the measurement 
of air currents close to the surface of the sea. All the foregoing examples 
employed a large flow field in which the deflection of an unconfined 
axially-symmetrical jet was exploited.
In applying the deflection of turbulent jets as a means of measuring 
respiratory flow, two important differences with previous work arise. Firstly, 
the flow field must be confined in a breathing tube and, secondly, the jet 
may be either axially symmetrical or confined depending upon the flow range 
and sensitivity of the flowmeter to be constructed. It was for these 
reasons preliminary tests were performed on the deflection characteristics 
of jets enclosed in a tube.
Initial tests were performed on axially-symmetrical jets for a range 
of velocity ratios from V = 0.02 to 0.005, Figure 7 illustrates the deflec­
tion of the jet centreline as a receiver probe is positioned at various 
distances from the jet exit. Over the range of results plotted, an equation 
for the deflection of the jet centreline was fitted. 7/ithin the experimental
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spread the equation was;
d7 = ® = 0.12 ( vt) (st)
■ '■/
this equation showed the normalised deflection e, to be directly propor­
tional to V the velocity ratio, and hence QTO, the cross-flow. The
/Y
functional relationship e = f( for constant X position of the receivers,
agreed with the/earlier investigations of Wooler, P. T. (Ref. 17*) and 
Tanney, J. W. (Ref. 20.). It was therefore established that a linear 
relationship between deflection of an axially-symmetrical jet and cross- 
velocity could be achieved for an enclosed cross-flow, the limits of which 
had to be determined. The results for Figure 7 did not include values when 
X exceeded 30 cLiie to the interference of the tube vzall in establishing the 
point of maximum receiver pressure. This may be attributed to the recir- 
culatory flow together with tube wall boundary layer effects caused by the 
jet impinging on the curved surface of the tube. The recirculatory flow 
was normal to the plane formed by the jet axis and the cross-tube centreline.
From studies of low aspect ratio unconfined planar jets, Sforza, P. M.
et al. (Ref. 33*)3 suggested that the flow patterns of these jets approximated
to the axially-symmetrical case within relatively short distances dov/n-stream
of the jet exit (e.g. 15 ¥.)• On this basis it was assumed the unconfined
J
planar jets employed were axially-symmetrical for receivers positioned at 
X = 20 down-stream from the jet exit. A further jet deflection curve was 
constructed in Figure 42, in which experimental results of both unconfined 
circular and planar jets are plotted for a constant X = 20. The deflection 
of the unconfined jet becomes non-linear for a V1 = 2,5 x 10" which is the 
limit of Equation 4.1.1. from the results presented in Figure 42. The 
departure from the linear range v/as also observed by Carbonaro et al.
(Ref. 24.) who in their anemometer studies found the limit of V to be
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3 x 10 . The departure of the jet from a linear deflection is thought
to be the point at which the cross-stream velocity exceeds the natural or 
free entrainment velocity of the jet issuing into still air. For velocities 
greater than the free e'htrainment value, the jet enters into a forced 
entrainment condition in which the deflection is no longer accurately 
predicted by the analysis of Chapter 2, as the free jet velocity profile 
model is no longer applicable.
In order to extend the usable range of V the jet centreline deflection 
had to be decreased by some constant amount, this was achieved by constructing 
a confined planar jet so that entrainment into the jet was limited. The con­
fined planar jet deflections characteristic is shown in Figure 42, for a jet 
aspect ratio of 2:1 and a jet-to-receiver distance X = 20, Because of the 
practical difficulties involved in traversing a total head probe between the 
confining shims for a range of cross-flow velocities} the jet centreline 
deflection characteristic was derived indirectly from the measured static 
characteristics and the measured pressure profile for a confined planar jet 
with zero cross-flow. The details of these calculations are given in section
4.2.2. with associated specimen calculations set out in Appendix A4.2. A 
comparison of the two jets over the linear region reveals that the deflection 
of the confined planar jet is approximately one third that of the unconfined 
jet. The greater deflection sensitivity of the unconfined jet being due to 
it allowing more entrainment per unit length, thereby resulting in the cross- 
flow exerting more force, since there is a larger momentun change of flow 
absorbed into the jet. The confining plates on the other hand, in restric­
ting the planar jet from spreading vertically reduce the momentum exchange 
to a minimum, thus producing a jet configuration which when incorporated 
into a flowmeter has potentially a greater range than the unconfined case.
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Over the range of cross-flows used in the investigation no abrupt 
deviation from the linear deflection v/as encountered .for the confined jet 
case. It would be reasonable to expect the confined jet to exhibit a similar 
non-linear deflection to the unconfined jets if the cross velocity was 
increased sufficiently to create a forced entrainment into the jet. Since 
no investigation into the distortion of the confined jet pressure profile 
was possible due to the inaccessibility of the shim construction, it was 
assumed no gross distortion took place, bearing in mind the fact that the 
jet did not deflect in an unpredictable 'manner over the range considered.
An approximate pressure profile for the confined planar jet was 
measured for zero cross-flow by assembling the jet section and confining . 
shims in one half of the flowmeter casting. By mounting a total pressure 
head probe ^lush to a flat plate to simulate the receiver wall and "inching" 
it across the jet between suitably supported jet confining plates pressure 
measurements were made. The results of these measurements are shown in 
Figure 37*. more detailed comment is offered in section 4*2.2.
A scaled model of the confined and unconfined planar jet flowmeters 
incorporating flow visualisation would have been a most useful addition to 
the experimental apparatus, hoY/ever time did not allow this investigation,.
4o2. Static Characteristics
The deflection equations for both the confined and unconfined jet 
■configurations derived in Chapter 2 include an entrainment constant a. 
Evaluation of n is performed by using the appropriate jet deflection results 
presented in Figure 42.
4.2,1. Circular and Unconfined Planar Jet Characteristics
In'the following calculations it has been assumed that the unconfined 
planar jet conforms to the equations describing the circular axially-symmetrical
jet* The planar jet was of low aspect ratio and receiver ports were at a
constant distance of X - 20, from the jet exit5 these assumptions were
based on investigations of Sforzay P. et al. (lief. 33*)® The deflection 
equation for the 'unconfined jets is given by Equation 2*1 .11« which can be 
related to the experimentally derived deflection curves presented in 
Figures 7 and 42. By using the configuration which gave the best compromise 
results- which for both cases was for an X -  20, and fitting the deflection 
equation to the linear portion of the unconfined jet deflection characteristic
gives* n - 0oB3«> The jet deflection equation within the limits of linear
' «2 
deflection, i.e. V < 203 x 10 becomes;
y = 0.83 V (0.l6x - C.98x'+ 7.7) 4.2.1.
A curve representing Equation 4.2.1. is superimposed in Figure 42.
The velocity profile of the fully established turbulent axially"
symmetrical jet is expressed by Albertson et al» (Ref. 8.) as;
V / 2 \
{-&)
where V is -the jet centreline velocity and V is the x component of velocityAM -ft.
at any point y. The corresponding profile becomes;
P ( Y  X 2 / 2 \
where a' - Gx and C = 0.081 for a circular jet from Ref. 8. the pressure
profile becomes;
P / -2 \
— ■ = exp ( .152.8) 4.2.2,
m ■ v ■
where-P is the jet centreline pressure and P^ is the’dynamic pressure 
corresponding to velocity V *.
The pressure profile produced by .Equation 4*2*2* is illustrated in 
figure 37 for X .= 20, it will be seen that the useful spread of the pressure 
profile does not exceed. + 3 b . on the y axis* Since the receiver diameter 
is equal to the jet diameter, errors in the calculation of each receiver 
pressui'e would arise if only the ..jet centreline pressures were considered*
To illustrate this point, figure 38 shows a typical exponential pressure 
profile deflected off centre, once the deflection of.the jet is known the 
mean pressure is found by integrating between the limits of the receiver 
aperture* Equation 4*2*2* is shown to produce a G-ausian normal probability 
curve of pressure, so in order to integrate the pressure distribution across 
each receiver the curve is normalised to the standard normal curve* Using 
statistical tables, the area under'each receiver is found and the mean height 
on the standard normal curve computed* The value of mean height is referred 
back to the pressure profile and the correct receiver pressure obtained*
By this method static curves for differential receiver pressure were cal­
culated for the unconfined jet for variation in jet deflection with receiver 
spacings S' - 3» -3*6 and 7« These are shown in figure 40.
Specimen calculations are set out in Appendix A4«1, in which the
differential receiver pressure is calculated from the pressure profile*
Also to be taken into consideration is the attenuation of the jet centreline
pressure, which varies with distance from the jet exit and is also a function
of the velocity ratio V and hence entrainment into the jet (see Figure 39) •
Using Equation 4*2*2, to calculate the jet deflection a value of differential
receiver pressure normalised to jet centreline pressure may be found from.
Figure 40* An absolute value of differential pressure is then found by
ref erring '-to Figure ."39* which depicts the function of receiver centreline
pressure (P ), normalised to receiver centreline pressure with zero flow
(p ) , plotted for variation in V* Performing this procedure and
m V = 0
plotting a comparative set of characteristics results in Figure 41*
In terms of predicting the shape of the receiver differential 
pressure characteristic, the calculated results showed good agreement with 
the experimental results*' The static characteristics for the circular uncon­
fined jet with a receiver spacing of S = 3*6■■showed close agreement, since 
all the equations were based on the circular axially“symmetrical jet this 
result was expected* However, comparisons between calculated and measured 
values of receiver pressure for the planar unconfined jet were not sc good, 
although the characteristic? shape of the curves wore similar* For S s 3 
the calculated curve estimates a too high gain, with the maximum va3.ue 
occurring at a flow of 180 litres/min compared to 270 litres/min for the 
measured value* In the case where S =.7 the calculated curve showed good 
agreement in shape, with the maximum receiver pressures coinciding with a 
flow of 280 litres/min, however the calculated maximum differential pressure 
was only half the experimental value. From the evidence of the two uncon­
fined planar jets considered two important points emerge; firstly the 
assumption that such a jet approximates to the circular case was not 
confirmed by the results. . The jet pressure profile of the planar case must 
have had a greater spread at Z - 20, than predicted by Equation 4*2•?--* 
because the receiver ports are flush with the receiver wall.the 
effect of the jet impinging upon the wall causes a wider distribution of 
pressure across the receivers. Secondly it has been shown that the range 
of the flow characteristics, using the two extremes of receiver separation 
for the unconfined jets does not cover adequately the range of respiratory 
flow in a linear fashion.
The signal-to~noise characteristic, Figure 28, shows the noise 
figures to be too low for measuring values of low cross-flow encountered 
during quiet breathing. With a maximum signal-to-noise ratio of 9 achieved
close to the potential core region of the jot-where pressure'recovery.is 
high, the figure drops to between 6 and 2 as the receiver is moved away from 
the jet. The unexpected peaking for the higher supply pressures for X 
between 20-38 was.unaccounted for and had no significance in terms of making 
the circular jet a usable configuration.
Further signal-to-noise curves are shown in Figure 30? in which an 
unconfined planar jet was used, in this case two receivers measured the 
differential receiver pressure. The measurement of two separate random 
noise signals in effect increased the noise level for zero cross-flow by 
tJ~2 times the value of a single receiver. This was more than offset by 
partitioning the receiver ports into two parallel paths. In order to 
reduce the noise in the receivers, the effect of varying the receiver duct 
area relative to the supply nozzle area and also partitioning the receiver 
ducts into parallel paths were investigated. Figure 31 shov/s that generally 
speaking, reducing the receiver area and providing parallel paths were both 
beneficial in reducing noise. For example, a receiver duct of aspect ratio 
0.6 when separated into two channels with a single horizontal partitioning 
shim (0.6 r 2) resulted in a signal-to-noise ratio double that of the same 
receiver duct without a partition (0.6 v l). This result was unexpected, 
from the results of Kelly, L,, et al. (Ref. 26.) noise reduction by par­
titioning reduced approximately, in proportion: to t he square root of the 
number of channels. On the other hand there is no benefit in providing 
parallel paths if the area reduction is already too great (0.6 f 1 compared 
to 0.3 r 2). Since the metal shim material used for the receiver duct 
construction was 0*076 m.m. thick it was not possible to choose aspect 
ratios between 0.6 and 0.3 with partitioning. In fact the 0,3 r .2 configu­
ration was the limiting condition of one shim each side of the partition.
It could be argued that by using shims of say half thickness (0,038 m«nu) 
a partitioned receiver with an aspect ratio between 0*6.and 0,3 would be 
an improvement. Alternatively, a 0.6 aspect ratio with three or four 
parallel paths may produce the optimal r e s u l t s T h e  comparatively sharp 
increase in the signal-to-noise ratio observed for flows greater than 
20 litres/min seen in Figure 30, arose from the high gain of the 'flowmeter 
for S = 3 in this region. The general shape of the signal-to-noise curve 
is similar to the unconfined static characteristic shorn in Figure 29 
because of the almost constant amplitude of the received noise signal over 
the range of flows used, ' The r.m.s. noise amplitude remained almost constant 
at 0,25 cm vr.g. which was equivalent to a cross-flow of approximately 
20 litres/min for this configuration at the null position. In other words 
flows less than 20 litres/min could not be resolved, and since peak flows 
during quiet breathing reach 20 litres/min this flowmeter arrangement was 
considered unsuitable.
4.2.2, Confined Planar Jet .Characteristics
The graph of confined planar jet deflection is shown in Figure 42, 
the deflection data were indirectly derived from the static characteristics 
and the confined jet pressure profile. The measurements for the pressure 
profile of the low aspect ratio planar jet were made by a circular total 
pressure head probe, set flush with a flat plate to simulate the receiver 
section. The probe was moved laterally across the jet between the confining 
shims at a distance of X = 20, the resulting profile is illustrated in 
Figure 37* The region of negative pressure which exists approximately six 
diameters each side of the jet centreline Is produced by the flow detaching 
from the receiver wall. The negative pressure is outside the range of 
deflections encountered and so was neglected when fitting the equation.
The curve fitted equation is;
P _2
— £ =  exp (-0.08 y ) 4e2,3<>
m
which results in a Gausian profile.
Employing the technique of: normalising the pressure curve to the 
standard normal probability curve described in section 4,2,1. the charac­
teristic of differential receiver pressure (APr) normalised to jet centreline 
■pressure (p )s for variation in jet deflection e. was constructed in 
Figure 40. Using these results in conjunction with the measured static 
characteristics of Figure 29? which were converted into equivalent values 
of jet deflection (e), enabled the resulting deflection characteristic for 
the confined planar jet to be plotted in Figure 42.
These deflection results were then used to obtain a. value of q ; in
Equation 2.2.6. the entrainment constant q was evaluated to 0,303? which 
results in a final deflection equation for the confined planar jet of;
y -- 0.303 V. ( 0.413(x ) - 0.998x + 1.372) 4.2,4c
The equation is superimposed on the deflection characteristics of Figure 42,
— ~2
and covers the range of velocity ratio V up to 9 x 10 , without introducing
appreciable error.
It is interesting to note the significant difference in the shapes
of the characteristics for the confined and unconfined jets shown in
Figure 40. The relatively flat characteristics of the confined planar jet
is attributed to the spread of the profile being + 6 17., which is substan-
tially greater than predicted by the Albertson et al. (Ref. 8.) equation
for a two dimensional, jet whose spread at X = 20 is only + 3»5 W.. The
J
reason for this difference is that in the confined planar case the jet- is
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impacting normally on a wall which causes the free jet spread to be effected 
one local jet width back from the stagnation point„ The pressure distribution 
along the receiver wall. Equation -4*2*3., is, therefore wider than in the free 
jet situation, for the same axial distance*
The variation in jet centreline pressure P . as a function of the 
velocity ratio V is shown in Figure 39? where both confined and unconfined 
jets are compared for X =20. Because of the limited entrainment imposed 
by the confining shims (n = .0*303 compared to B = 0.83 for the unconfined 
jet) the jet centreline pressure is not so affected by the cross-flow 
velocity. By using the information presented in Equation 4*2.4* with 
Figures 39 and 40, static characteristics of differential receiver pressure 
for variation in flow are derived, and plotted in Figure 43? specimen 
calculations are given in Appendix A4.
i
The comparisons between calculated and experiments.!: results are 
shown in Figure 43 for receiver separations S =3 ?  3 ana 7« In general 
terms good agreement between'the results is observed although the calculated 
characteristics all start with higher gains and decrease, whereas the 
measured values initially move in the opposite direction, The point at 
which the calculated and measured results both become concave in shape 
occurs within narrow limits for the same flow (280 litres/min) , which coin­
cides with a Reynold’s number of 10,000 for the tube flow-.- Since the 
cross-flow, is not in a transition between laminar and--turbulent flow the 
pipe flow does not appear to be the cause of the slight difference seen in 
the results. Some error may have been introduced in assuming the confined 
planar jet possessed the same entrainment characteristics as a high aspect 
ratio two..dimensional jet (Ref. 8.) used in the derivation of the jet 
deflection equations, but this would not effect the curve shape.
Signai-to-noise ratios show a marked improvement for the confined 
planar jet configuration compared to the unconfined planar jet, a comparison 
is expressed graphically in Figure 30® The increased pressure recovery seen 
by the.receivers' of the confined planar jet flowmeter* combined with an 
almost constant r.nus» noise signal level of 0*25 cm water gauge over the 
flow range* approximately doubled the;signal-to-noise ratios measured for 
the unconfined planar jet* The r*m.s* noise signal of 0o25 cm water gauge 
is equivalent to a cross-flow of 25 litres/min for the Type 4 flowmeter* 
this apparently large possible error is due to the low gain region around 
the null position* In order to measure the respiratory cycles with an 
accuracy to within 5/ the Type 4 flowmeter noise level would have to be 
decreased by a factor of 25 for the same flowmeter gain* An attempt to 
improve this situation was made by applying positive feedback to the element.
4.2.3® Effect of Feedback "
The effect of applying positive feedback from the receivers to the 
supply jet increased the gain* and signal-to-noise ratios at the expense of 
reduced flow range* Its use as a remedial step to overcome the low gain 
region around null of the planar flowmeter, was successfully employed in the 
planar confined jet or Type 4 flowmeter-, The static characteristics of the 
Type 4 flowmeter are shorn in Figure 25, in which the region of reduced gain 
at low cross-flow is clearly seen. The application of feedback was carried 
out using jewelled orifices to control the flow in the feedback.lines,
Figure 32 illustrates the flowmeter connections and the improvement in the 
gain at low flows. Orifices of 0.07 num. wore used in the feedback path 
from the receivers to the auxiliary jets* In the quiescent state, with zero 
cross-flow and the supply pressure set to 0o35 bar each feedback line 
supplies approximately 50 m. litres/min from the receivers to the potential
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core region of the jet. The variation in these feedback flows is 
+ 50 m.litres/min as the change in pressure across the orifice varies 
between 50 cm. to 20 cm. water gauge. Receiver pressures are normally 
measured into blocked loads, but in this case an orifice connects each 
receiver to the negative pressure region in the proximity of the potential 
core. This arrangement in effect acts as a pressure dividing network, 
where each side of the supply jets potential core the pressure is varied 
according to the back pressure imposed by each receiver. The orifices 
operate with lo?/ pressures across them so that the positive feedback connec­
tion causes the initial jet deflection to be greater than predicted by 
Equation 4,1.4. Positive feedback using orifices in the feedback lines 
therefore achieves a pressure control of the jet deflection which is combined 
with the snomcntum control produced by the cross-stream.
Further tests employing positive feedback have been conducted in 
which the supply jet was first centralised by using jewelled orifices from 
the main jet supply and then positive feedback applied from the receiverrs, 
This configuration is shown in Figure 33« Ignoring for a moment the 
feedback path, it will be seen that in the quiescent state the mechanical 
imperfections of alignment are corrected by the•jev/elled orifices S26 and 
S7s whose respective diameters are 0,26 m.m, and 0,07 Hum, providing flows 
in the order of 500 m,litres/min and 30 m,litres/min, Yfith the addition of 
positive feedback through 0,07 m,md diameter orifices the standing pressure 
across these orifices has been decreased by the lower resistance path to the 
supply line due to S26 and S7? which allows these feedback paths to be more 
sensitive to small changes in receiver pressure.
The best characteristic obtained together with the appropriate 
signal-to-noise curve is shown. The gain in the null region has been
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increased and the overall linearity is improved at the expense of a reduced 
flow range, covering flows up to 380 litres/min. Feedback was applied 
externally and necessitated long lengths of connecting tubing, in a more 
developed version of the flowmeter the inclusion of feedback paths within 
the moulding could be made.
Positive feedback not only improved the linearity and gain around 
the null position it also made a remarkable improvement in the signal-to- 
noise ratios* Comparison between the Type 4 flowmeter without feedback, 
Figure 30s and the Type 4 flowmeter with positive feedback, Figure 33 9 shows 
a doubling of the signal~to~noise ratio* Concentrating on Figure 33 it will 
be seen that the signal-to-noise curve is non-linear showing a steep rise 
coinciding with a cross-flow of approximately 300 litres/min which is equiva 
lent to a Reynolds's number of 11,000 for the cross -flow based on the jet to 
receiver distance* There is a decrease in the r.nns* noise level in this 
region from 0*2 cm. water gauge up to a flow, of 200 litres/min down to 
0*1 cm, water gauge for flows up to 400 litres/min* This produced a sign al­
to-no is e ratio of 1j59 at the maximum linear flow portion of the characterist 
which is equivalent to 380 litres/min. A factor which has an effect cn the 
noise level in a fluidic element is the velocity of the jet; unlike other 
fluidic elements the total length of the jet is acted upon by the cross- 
stream which is known to effect the jet velocity and receiver pressure 
recovery (see Figure 39)* It is suggested therefore that at a cross-flow 
greater than 380 litres/min, the jet is effected in such a way that its 
velocity is comparible to a jet of lower supply pressure.
One of the conclusions which Kelly and Shinn (Ref. 26.) arrived at 
yjas that the jet supply pressure is a contributory factor in noise amplitude 
although a low supply pressure does not necessarily result in the best
/
-  61 -
signal-to-noise ratio* Other suggestions on noise improvement such as
dividing the receiver, into more than two parallel paths were not practical
in the confined planar configuration because of the venting arrangement
above and below the receiver ports* The signal-to-noise characteristics
produced for the flov/meter showed the same trends as Ref*-26* results,
however the flowmeter jet and receiver aspect ratios differed, for example,
in the final design AR. =2:1 and AR =0,6 v 2* The investigation of Kelly
0 r
and Shinn did not make measurements on devices with positive feedback, nor 
did they consider elements in which the whole length of the jet is in 
contact with, the.flow producing the jet deflection.
However, before a fluidic flowmeter could be accepted as a replace­
ment for existing types of respiratory flowmeters used in physiological, 
measurements a significant improvement must be made. For the measurement 
of resting minute volumes in human subjects the peak flow reaches 20 litres/ 
mill during inhalation, and physiologists require-as a minimum to be able to 
measure this flow to within 5% or 1 litre/min. As shown from the foregoing 
results for the final design the quiescent r.m.s. noise level was 0*2 cm. 
water gauge which corresponds to a flow of 5 litres/min, which indicates 
that an improvement in the signal-to-noise of is required. Possible 
solutions to this would be to halve the jet width and area by using 0.038 m.m* 
shims to construct a receiver with if parallel paths which would produce an 
approximate improvement by a factor, of 2 in the signal-to-noise figure.
One other respiratory measurement is to perform integrations of 
expired air by making bag collections of the expirate and passing it through 
a wet gas meter. Typical accepted errors in such an exercise is 2/, using 
the fluidic flowmeter for resting measurements■would of course produce 
errors due to the positive half of the noise signed, being integrated* As
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the level of exercise is increased to cover larger flows this error is 
diminished* which suggests the potential use of the flowmeter is in the 
measurement of respiration for subjects performing medium to heavy exercise* 
During such exercise rapid changes of flow occur to which the flowmeter crust 
respond* some tests were performed to assess the.dynamic qualities of the 
fluidic flowmeter*
h,3e Dynamic Characteristic
The object was to assess the dynamic response of the flowmeter 
configurations which fulfilled the flow and signal-to-noise requirements 
for a .respiratory.flowmeter* The damped transducer whose response is shown 
in figure was used to measure the flowmeter differential pressure* The 
method by which the tests were performed is described in section and
the test schematic is illustrated in figure 16; all the results in figure 35
are for the Type 4 flowmeter with no feedback* The step flow signals
produced by the large scale fluidic switch are shown in Appendix A1«3*.
Three examples of the flowmeter ..responses for jet aspect r a t i o o f  
‘1*5, 2 and 4 are illustrated in figure 35- Over the range tested the aspect
ratio of the'jet appeared to have no effect on the rise time, which was in
the order of 6 m.secs, The waveforms all showed to s ome extent evidence of 
an oscillatory component which was most pronounced for a jet aspect of 4s 
This unfortunate oscillation was attributed to a pipe resonance- made up of 
the large scale fluidic switch output channel length and the flovraieter 
casting length added together and excited by the fast rising output of the 
switch. By taking the speed of sound (c) in the pipe to be 1,000 ft/sec, 
and the half wavelength ( V 2) equal to 1*25 ft, the frequency of oscillation 
using the expression;
c = f A
where L = ^
. _ C_  ^1000
* * 2L ' 2*5
f - 400 Hz.
The oscillation was measured to be 390 Hz which supports the pipe resonance 
theory* The response of the fluidic flowmeter includes the fluidic switch 
response and since the flowmeter rise time is almost identical to that of 
the switch and includes the reproduction of the pipe resonance, it is 
reasonable to suggest that the flowmeter would’cope with 100 Hz flow signals.
figure 36 compares the fluidic flowmeter with the Fleisch flowmeter 
for step flows of 72 litres/min and 145 litres/min. The results of these 
tests show the Fleisch rise time to be approximately 5-m*sec compared to 
5 m.sec for the Type 1 flowmeter for a flow of 72 litres/min, the lie is oh 
meter however showed a noisy output signal. Since the Fleisch is made up 
of fine tubes it processes inductance5 capacitance and resistance which 
appeared to show some 300 Hz instability’-, Maslen, K* (Ref. 12.) examined 
the Pleisch flowmeter by means of a sinusoidal flow generator and showed 
graphs of pneumatic reactance and impedances for variation in frequency using 
different terminations.. They indicated that above 10 Hz non-linearities had 
an effect on measured flow* The comparative test at 145 litres/min showed 
the two flowmeters to have, comparable responses of 5 m.sec, although the 
Pleisch indicated a slight instability around 300 Hz. Settling times for 
the Pleisch in both cases were longer than for the fluidic element? and the 
indications were that under dynamic conditions the Pleisch shov/ed an oscil­
lation indicating that its reactive components may not De ignored under
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transient conditions« One other important feature of the Pleisch flowmeter 
is that the 'maximum output signal is 1 cm. water gauge so that sensitive 
transducers are required*
In order to compare the results of the step response tests to actual 
human; respiratory demands comparisons for expected rates of change of-flow 
during the more energetic exercises are given in Allen, Gr. et al* (Ref* 43®)< 
The upper limit for heavy exercise with the subjects breathing rate at 
45 cycles per min flow rates of 870 litres/min/sec are typical, speech 
during light work at a breathing rate of 30 cycles per minute results in 
flow rates of 2,240 litres/min/sec* The rate at which the flowmeter respon­
ded during rhe step response tests was 14,500 litres/min/sec which gives a 
strong indication that the main advantage of the fluidic flowmeters is its 
ability to cope with the most adverse flows likely to be imposed by a human 
subject*
4*4* R ecommended Design Configurations
The experimental evidence presented suggests that the combination 
of certain desirable features within one flowmeter configuration should pro­
duce an optimal design* Although all the variables listed below have not 
been investigated comprehensively, certain trends have been observed which 
would assist future design*
a* The confined planar jet configuration is preferred in order to 
cover the respiratory flow range requirement with a relatively 
low supply pressure of less than 0*35 bar, to ensure the actual 
noise signal amplitude is as low as possible,
b 6 An increase in the number of parallel receiver paths to four 
by using 0*038 racm* shims, together with a nozzle width of
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-0*25 cum. would decrease the supply jet .area, by half and 
contribute to a signal-to-noise improvement b3r a factor of 
approximately-two; from experimental evidence presented and 
■Kelly, L 6 et al« (liefo 26«)e
c. lower- cross velocities in order to operate within a range of
w ~2. 
velocity ratios (v) below 7 x 10 , this could be achieved b3r
an increase in the test area, while maintaining the supply
pressures employed in the experiments,
'd* The flowmeter* deadspace"should be reduced to an absolute
minimum, the overall size being of the order of 8 cm x 8 ora x 3 a11*-
e. Positive feedback incorporated into the casting would eliminate 
the need for comparatively long lengths of tubing external to 
the flowmeter, The incorporation of calibrated linear pneumatic 
resistors would perhaps be a worthwhile sophistication*
In-addition some general design features are desirable
f, A reduction in size, the overall device should be as light as 
possible and attractive to handle with male push on connections.
g. The flowmeter should come apart to allow cleaning ana if necessary 
sterilisation, in which case the metal etched section would be 
permanently bonded.
h," The flowmeter output differential pressure is in the order of
20 cm. water gauge for a ■+ 350 litre/min flow range, using 
supply pressures of 0o35 bar. The transducer sensitivity 
problem does not occur and an inductive transducer with built 
in frequency modulated carrier system could be easily 
incorporated, an example of which is the Langham Tnompson TDi;A-3«
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All physiology laboratories have compressed air suitable for- 
breathing, which means dry, dust free air that would be supplie 
via any' standard pipe fitting to the supply jet.
CHAPTER 5 
CONCLUSIONS
5*0® Conclusions
A fluidic flowmeter has been constructed for the measurement of 
human respiratory air flow and investigations show that using the principle 
of deflection of a; confined planar jet b y 'respiratory flow, an approximately 
linear differential pressure output signal is obtainable. The most successful 
configuration tested consists of a confined planar nozzle with an aspect 
ratio of 2:1 and two receiver channels each with an aspect ratio of 0,6:1 
having a horizontal partition to provide two parallel paths. The range of 
flow over which the flowmeter provides its most useful linear output is 
+ 380 litres/min for a supply pressure o^ 0,35 bar, this arrangement gives 
signal-to-r.jise ratios up to 1.50 at maximum output. The differential output 
pressure is linear to within + 0,2 cm. water gauge at the null position 
which corresponds to a flow of + 5 litres/min, these characteristics are 
achieved by including positive feedback as a method of increasing the gain 
at the null, position and so producing an improved linearity from the null 
position to maximum flow.
The main advantages of the planar construction may be summarised as:
a. a reduction in jet deflection sensitivity due to reduced jet 
entrainment imposed by confining the jet top and bottom with 
shims, thereby increasing the flow range,
b. control of supply flow venting in the receiver region,
c. adjustment of the jet null position,
d. easier to provide a miniature incompressible jet configuration,
e. provision for application of positive feedback into the potential
core region of the supply jet.
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APPENDIX At
CALIBRATION CURVES
1• Fleisch Flowmeter 
2c Inductive Transducer (SE 150) 
3® Fluidic Switch Outputs
- '1 2 4  -
Air flow 
(iitres/min)
500
400
©  Measured values 
-I- Manufacturers cats
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, i ,
0 1-0 2*0 3*0 4*0
Pressure difference across Fleisch
flowmeter ( c m  H2 0)
Figure All. F L E I S C H  CALIBRATION D A T A
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Figure A1.2. I N D U C T A N C E  T R A N S D U C E R  CALIBRATION  
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0ts ~ 7 m  sec ts=  9 m  sec
10 m  sec
ts= 7-5 m se c
Q  =  184 l/rni 
ts ~ 10 m  sec
Figure Al.3. FLUIDIC S WITCH O U T P U T  F L O W  RISE TIMES
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APPENDIX A 2.
RESPIRATORY. TERMINOLOGY
1c Lung Volumes and Capacities 
2e Timed Vital Capacity 
3* Maximum Ventilation Volume
- 1 2 8  -
Appendix A 026 Definition of Respiratory Terminology
1„ Lung Volumes and Capacities
Volume changes which are brought about by inspiratory and expiratory 
efforts are termed "volumes",
Volumes . which are determined by the size of the lungs and thorax 
are termed "capacities"s see FigureA2.1, Green* J« H. (Ref0 38)*
2« Timed Vital Capacity
In a normal subject 80/£ of the vital capacity can be expired in the 
first second* The volume of air expired in this time is denoted by FEV 
(forced expiratory volume). It is greatly reduced in some .forms of lung 
disease and such a measurement gives a better indication of the severity of 
the disease than the vital capacity itself®
3® Maximum Ventilation Volume
Another test of lung function is to ask the subject to breathe as 
rapidly and as deeply as possible for 1.5 seconds. The pulmonary ventilation 
per minute is calculated from the tracing on a recording spirometer, Normal 
subjects can exceed 100 litres per minute.
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-  130 -
APPHNDIX A 3
PLOW MMSUR1NG- INS IRUMENTATION
1( Hot Wire Anemometer 
2„ Calibration Curves 
3« Rotameter Calibrat ions
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Anemometer measurements are based on measuring the convective heat 
loss from a heated sensor, in this case an electrically heated wire is 
cooled by a flow of gas or liquid in contact -with the sensor* The constant 
temperature anemometer employs.a feedback technique in the form of a servo 
amplifier in conjunction with a Wheatstone bridge of which the probe forms 
part,
Electric current from the amplifier flows through the bridge; heating 
the sens.or, The output current of the amplifier is controlled by the bridge 
unbalance5 an error signal between a and b due to change in probe resistance 
caused by the fluid being measured cooling the wire. The change in probe 
wire resistance causes an immediate change in amplifier output current to 
maintain the wire at constant temperature * The instantaneous value of the 
electric power is assumed to equal the instantaneous thermal loss to its 
surroundings, the thermal loss depends on the nature, temperature, pressure 
and velocity of the medium under measurement* If only the velocity is. 
varied the probe current will be a direct measure of the velocity*
Velocity Calibration
The probe is maintained at a higher temperature than the fluid to be 
measured, in order to maintain constant wire temperature. The amount of 
power P will equal the amount of power 0. removed by the fluid* Assuming 
all else to be constant, Q will be a measure of velocity.
The fundamental relationship between the flow velocity U and. the 
amount of heat Q removed per unit time was presented by L. V. King in 1914
Q s- P = A + B (U)11 (1*1.) Y/here A and B aro constants assuming
constant temperature and density.
The exponent h is almost constant 0*4 to 0*5 for Reynold1s numbers
0.1 < Re < 105,
During calibration the probe is mounted in air flow of known 
velocity the calibration rig is shown in figure A3.1. The rig has a nozzle 
section of low loss to ensure that the pressure across it is converted into
velocity, the velocity can be calculated by means of Bernoulli's equation®
In general form appears as:
2 p
U J p dp -i- gh =• constant 1.2*
2 + P6 P
Velocities below 60 m/sec flow is incompressible; p ~ constant, gh ~ constant
TT2U 13we get + *- = constant; where U and P are related points of velocity and
2 p
dynamic pressure at the same level* Pressure differences across the nozzle
2 2
P = 4rp(U? - Ul) for diameter ratios >4:1 introduces an error of less- i 2
than 0*25/£.
For incremental changes in nozzle orifice pressure Pq the corres­
ponding probe voltages are noted and a calibration curve of (probe voltage
2 2 
V,,) plotted against U . i3
2 T1The curve is in the form V = a + bU 0 1*3* (Ring's law).
The calibration procedure is performed before and after each hot
wire anemometer session to ensure no gross changes have occurred in the
hot wire parameters.
A typical calibration curve is shown in Figure A3.2.
0Servo amplifier
Probe C
e
Figure A3.I. BASIC ANEMOMETER
2 'orifice
Hot wire probe 
connected to 
anemometer
HP supply
:-U tube 
safety valve
Micromanometer 
measures A P  mm H2O
A P  =2 p ( uf - Uj )
N JL 2
A P  = 2 p U2
Fine w i r e  A l ta ir  filter and -
qauze m /d if fuser * !
A -J l/L /  . , diameter
chamber
Figure A3.1. HOT WIRE CALIBRATION RIGCr
' '    —   - 13U - - —  -  - -
6/ Anemometer voltage (V 03
1_ _ I
1 2 4
a A 7  (ft j sec)
Fiqure A3.2. H O T  W I R E  CALIBRATION C U R V E
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A3*3* Rotametor Calibration
The instrument used in the measurement of jet flow was a tri flat 
variable area rotameter manufactured by the Fischer & Porter Co. (Ref c 40) 
This type of flowmeter consists of a tapered glass tube with axis vertical 
and the smaller end at the bottom. Inside the tube is a spherical ball 
float of a .diameter such that it fits the inside smaller area of the tube 
and is free to move vertically. Fluid passing into the flow tube'within, 
the range of the meter raises the float increasing the area between the float, 
and the tube until the fluid forces are balanced by the net weight of the 
buoyed float. Flow range of a particular tube may be changed by using 
floats of different specific density*
By referring to the manufacturer's data- and definitions of certain 
terms9 calibration of a particular tube with a certain scale may be made 
for a range of float materials9 having defined the fluid.
Principles of Meter Calibration
The basic principle•by which all variable area flowmeters operate 
is namely the principle of conservation of energy, as expressed by the 
Bernoulli theorem for flow in piping systems* The theorem states that a 
restriction placed in the.piping system increases the velocity of the fluid 
stream as it passes the restriction and causes a corresponding pressure 
reduction. The value of this reduction may be calculated by the Torricelli 
equation; in its simplest form Q ~ GA V2gh 3*1®
where: Q = flow.
C = "flow coefficient1' or efficiency with which pressure
is converted to velocity.
A = free area of opening through restricted passage.
- , JKJ -
g " acceleration due to gravity®
h = pressure reduction in the flowing stream*
Assume C} gf h are constant for steady flow then Equation 3*1 shows that 
flow Q is proportional to area A*
In actual metering practice factors other than the variable -area do effect 
the accuracy, hence a "working" equation has been developed:
¥ = CDf Fp 3*2®
where: ¥ = gravimetric flow (weight of flow such as Ib./min)
C = flow coefficient
D_, - float diameteri
F = net downward force of float
p ~ fluid density
The working equation combines three factors:
(a) physical properties of the float
(b) physical properties of the fluid
(c) hydraulic characteristics due to geometric configurations of 
the tube and float.
The flow coefficient C expresses the hydraulic characteristics and has been 
found to depend-only-upon the meter geometry and a parameter termed the 
"Visoons Influence Number, N" defined as:
r§
N ~ y __P (3c3*) where \i - absolute viscosity of fluid*
y
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Calculation of Meter _Calibration
The calibration is calculated using refinements for equations 2 and 
3 for W and N, these involve "size factors” A or B which are constants for 
a given meter sise, Table A3.1. The net downward force F is expressed in 
terms of the difference in densities of the float and fluid at operating 
temperature and pressure* These refinements result in equationr
W = C BA/(p, - p ,) p , 3*4,t opt- r opt
h0pt ^  ^  t % t }  ^opt
where: ¥ = flow at OFT g/min
G = flov/ coefficient
B = size factor (from Table A3.1*)
P*, = float density g/ccX
p , - Viscons influence number
opr
A - size factor'(Table'A3»1 •)
popt - fluid viscosity at OFT centripoises
Using the above equations with the appropriate "Float Characteristics Curve" 
calibration predictions may be mads.
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Meter Size Size Factor
Inches A B
1/16 143 13o6
1/8 404 76.8
1/4 1142 434
3/8 2095 1200
TABLE A3.1
Specimen Calculations: d?u tri flat tube, fox’ air in constant pressure line
maintained at 4-0 psig and 70°]? using a constant 
density.(CD) glass float.
Employing Boyle*s and Charle*s laws,, gas densities may be calculated for 
gases at other than standard conditions (14«7 psia and 70°P)* From available 
data for gas densities at standard temperature and pressure (STP) the 
following formulae permit gas densities at operating conditions to be 
calculated.
opr, P , x Rsrp
3*6.
R
530
14.7 460 x t 3 o 7<
where; p 
P,i
R
P
opt
stp
density, g/cc at operating pressure and temperature
known density g/cc at 14o7 psia and 70°F.
density ratio p ,/p , .ropt ^stp
operating pressure psia. 
operating temperature degrees F.
The f3.uid to be considered is air at 70°F and at 54.7 psi. 
• equation 3®7o becomes’;
~ 14.7 7460 * 70)
R = 3-721
Substituting this value of R into equation 3*6,, gives; .
Popt = Pstp X 3*721
p , ■=-. 0C0012 x 3.721opt
p , -  0*00447 g/oo
2J2J2I.,__      •
Gas viscosities used must be in absolute units (centripoise) which are 
dependent only upon the particular gas and temperature at low pressure,
O /?or a:5-r 70 F .= 0.01812 centrivicise (from tables of physical
constants)
Standard flow cc/min = — 3*8,
pstp
Since the meter size to be used is the value from Table A3.1 of A is 1142, 
Substituting into equation 3«5« the values;
A s 1142
= 0.01812^opt
ss 2028 for constant density glass
i w
p , ~ 0.00447'opt
P , = 0.0012 
Hstp
gives
N = V~(2.28 - 0,00447)(0.00447)
N = 63024. x 0,10085
N - 6356 for constant density glass
Equation 3<4. where B .= 4-34- from Table
W = CB a/ (pf - Popt) Popt 3*4 '
W •- C 4-34 x 0.10085
W 5= G 43.77 for constant density glass
The values of C are found from the float characteristic curves for the 
particular value of N at each scale reading. The Float Characteristic 
Curve is shown in Figure k'33, the completed results are shown in the 
calibration curve, Figure 43.4.
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APPENDIX Ak
SPECIMEN CALCULATIONS 
Unconfined Circular Jet
Confined Planar Jet
1. Unconfined Circular Jet
The pressure profile for the 'circular unconfined jet is 
generated by the expression:
r
“ p“ ~m
exp. (-0*382' -.2xy )
which must first be normalised to a "standard normal cur
P / ^ .r/Pm y
-2
y
-2f y
0.997 0.1 0.01 Q.0097
0.909 0.5 0.25 0*2272
0.682 1 1 0.682
0.423 1*5 2.25 0.9517
0.217 2 4 0.8680
0.032 3 9 0.2880
0,002 4 16 0.0320
If■=-3*262 £fy2 * 3o06
Mean = 0
Variance 2= S
>^j«H
«
ru = 0.9381
"Standard deviation" S = 0.9686
For the case where V = 10 S = 3 06, X = 20, P = 10 p.: 
s
The jet centreline deflection e = 0.432 from Equation 2.1.11; therefore the
S - — '
jet centreline positions correspond to ^  e along the y axis.
Consider probe (1), at y — 1 <>8 + 0.432 ^ 2©232 , which means ohciu 
the perimeter y positions of the probe will be at 2.732 and 1 .732, refering 
to Figure 39*
2„17)2
u„ " TTTfrAT ~ 2.82 from the tables of area under a standard normal1 UeOoOO
■curve.
say p (u ^) ~ 0*4976 
1.732
u0 = = 1.788 from the tables of area under a standard normal2 O.yboo
curve.
say p(u2) ~ 0*4633
The area covered by probe (1) =0.4976 - 0.4633 = 0.0343
The average height (ht) = " °-°0^ 2
1 /The generating function for the standard normal curve = — — . exp ( -
-2 
u )
9 ./
2 n
-2.
== 0.4 exp ( - v— )
0.4 exp ( - | ) = 0o0332 
-2
exp ( - ~ ) = 0.083 
iT2 = 4.973
U s= 2.23
u = 2.23 ib the mean position on the standard normal curve. Hence the (y) 
position (mean y position) on the pressure profile;
(y) = 2*23 x 0*9686 = 2013
- Pr -2Converting (y) into a pressure from = exp («0o382 y )Pm
p.
Figure 38 gives yp = 0o17Pm
— I if O —
Probe (2) y positions of the probe will be at 1.868 and 0.86*8.
1 R6P
U1 ~ *925 from the tables of area = 0.4729
u? ~ 16" ~ ^o895 from the tables of area = 0.3146 •
The area covered by probe (2) = 0*4729 “-0o3146 =0,1583 
The average height (ht) = 9,,^L-2§2. = 0.154
I
-2
From the generating function 0.4 exp(-*~- ) = 0.154
_2
exp (- | ) = 0.385 
' u2 = 1.908
u =1.38
From which (y) = 1.38 x 0.9686 
(y) = 1.34
P
Graph. Figure38 gives 0.51 = p"
Pm m
From the graph of 7— y against V Figure 41 s P is reduced to 0.83 ^P )it ) m m tr
4  = 0 1  = 0
and (P ) = 35o25 cmbLO for P = 0.7 bar
V = 0
O*. APr = (0.51 - 0.17) X 0.83 X 35.25 .m3 0
AP = 9o93 omS^O which corresponds to a cross-flow value of 
74 litres/min.
2o Confined Planar Jet
The pressure profile for the planar confined jet is
? of - 2\generated by the function; ■ = exp (**0.08 y ) an equation which nrust first
m
be normalised to a "standard normal curve”.
!J4 /
J2. P _2
y y x. ... _ rX -- rm
fy .
o d '0o01 1 0.01
0,5 0o2p 0,980 0,245
1 1 0,923 0,923
1 *5 2,25 0.835 1.8787
2 4 0,726 2.904
2,5 6,25 0e607 307937
3 9 0,487 4.383
4 16 0o278 4,448
5 25 0,135 3,275
6 36 0,056 
I f  * 6.0270.
2.016
£ fy  = 23 c 9764
_ 2
Variance = S2 = = 3.9781
Standard deviation S ~ 1,995 Mean = 0
In the case where S = $ and. e = 0.5 for X - 20 the receiver centreline
positions along the y axis will be;
y = 3 sind 2
Receiver (l)«, y. ■- 3 which means that the receiver edges will be at
y = 3,5 and 2*5
.3 c 5
u/, " T~§or '' 1«75 from the tables of area under a ’’standard normal curve" 
! 1 o
say p(u^) = 0,4599
2 5
u = - 1o23 from the tables of area under a'Standard normal curve"
1 o SJ/t)
p (u 2) = 0.3944
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The area covered by receiver (1) - 0.4599 " 0*3944 ~ 0*0653
The average height (ht) on the standard curve = = 0*131
° . . . I o/p “ -1o23 9
/ ~
The generating function for the "standard normal curve" = «, exp (•-i
211 \
o
-0*4 exp (- ~
u \ ~ 
2 / ~ ■0.131/
.J2
u = 2.188
u ~ 1.479
i.e. mean y
.995 = 2*938
P _2
converting (y) into a pressure from - exp (-0o08 y )» figure 37
>
gILVtiS pT* —- O  o 3  *
m
Receiver (2), y0 ~ 2 which means that the receiver edges will be at, 
y~2 = 2*3 and 1.3
u ~ - 1 025 from the tables of area p(u„) ~ 0*3944
1 1 I
u0 = TTnor " ^.73 from the tables of area p(u0) = 0*2734 z t «s z
The area covered by receiver (2) = 0*3944 “ 0„2734 = 0*121
The average height (ht) on the "standard normal curve" = ==■ 0,242
O © P
o 0.4 exp (- s 0.242
- 2
U  =: 1.00
~ 149 -
Kenco the (y) position, i.e. mean y position, on the pressure profile 1
(y) = 1 x 1*995 = 1*995*
P 2rconverting (y) into a pressure-from . exp (~0«08 y )
m
K  -
Figure 37 gives = 0*72 
~ m
The differential receiver pressure normalised to jet centreline pressure
for a jet deflection-of a - 0o5 = 0*72 0o5«
PAX*.A graph of plotted for changes in e is shown in Figure 38,' and 
P m
comparisons of static characteristics for calculation and measurement are 
shown in Figures 40, 41, 42*
/  fipu -
